Large-scale activity profiling of enzyme superfamilies provides information about cellular functions as well as the intrinsic binding capabilities of conserved folds. Herein, the functional space of the ubiquitous haloalkanoate dehalogenase superfamily (HADSF) was revealed by screening a customized substrate library against >200 enzymes from representative prokaryotic species, enabling inferred annotation of ∼35% of the HADSF. An extremely high level of substrate ambiguity was revealed, with the majority of HADSF enzymes using more than five substrates. Substrate profiling allowed assignment of function to previously unannotated enzymes with known structure, uncovered potential new pathways, and identified isofunctional orthologs from evolutionarily distant taxonomic groups. Intriguingly, the HADSF subfamily having the least structural elaboration of the Rossmann fold catalytic domain was the most specific, consistent with the concept that domain insertions drive the evolution of new functions and that the broad specificity observed in HADSF may be a relic of this process.
Large-scale activity profiling of enzyme superfamilies provides information about cellular functions as well as the intrinsic binding capabilities of conserved folds. Herein, the functional space of the ubiquitous haloalkanoate dehalogenase superfamily (HADSF) was revealed by screening a customized substrate library against >200 enzymes from representative prokaryotic species, enabling inferred annotation of ∼35% of the HADSF. An extremely high level of substrate ambiguity was revealed, with the majority of HADSF enzymes using more than five substrates. Substrate profiling allowed assignment of function to previously unannotated enzymes with known structure, uncovered potential new pathways, and identified isofunctional orthologs from evolutionarily distant taxonomic groups. Intriguingly, the HADSF subfamily having the least structural elaboration of the Rossmann fold catalytic domain was the most specific, consistent with the concept that domain insertions drive the evolution of new functions and that the broad specificity observed in HADSF may be a relic of this process.
evolution | specificity | phosphatase | substrate screen | promiscuity S ince the first genomes were sequenced, there has been an exponential increase in the number of protein sequences deposited into databases worldwide. At the time of this writing the UniProtKB/TrEMBL database contains over 32 million protein sequences. Although this increase in sequence data has dramatically enhanced our understanding of the genomic organization of organisms, as the number of protein sequences grows, the proportion of firm functional assignments diminishes. Traditionally, methods of functional annotation involve comparing sequence identity between experimentally characterized proteins and newly sequenced ones, typically via BLAST (1) . In cases where significant sequence similarity cannot be ascertained, proteins are annotated as "hypothetical" or "putative." Moreover, the decrease in sequence identity leads to an increased uncertainty in functional assignment, especially as the phylogenetic distance between organisms grows, limiting iso-functional ortholog discovery.
As the number of newly sequenced genomes grows larger, more protein sequences are likely to be misannotated, oftentimes resulting in the propagation of incorrect functional annotation across newly identified sequences. To tackle the problem of unannotated or misannotated proteins, newer methods for computational assignment have been created with varying degrees of success (2) . Although these methods outperform historical methods, continued improvement is necessary to ensure accurate annotation of function (2) . A greater swath of functional space can be covered by screening substrates in a high-throughput manner on multiple enzymes from a family (3, 4) . Family-wide substrate profiling offers a data-rich resource. The use of sparse screening of sequence space and a diversified library permits the determination of substrate specificity profiles to provide a familywide view of the range of substrates and insight into the structure of the prototypical substrate. Where structures are available, correlation between substrate range and structural determinants of specificity can be achieved. In addition, the approach has utility in genomic annotation (inferred function), iso-functional ortholog assignment, and the assignment of in vitro substrate profiles to orphaned PDB entries (enzymes with structure but no function, or SNFs). Here we report the application of in vitro highthroughput functional screening of metabolites and related compounds at the superfamily level. We use as an example prokaryotic members of the haloalkanoic acid dehalogenase superfamily (HADSF), a diverse superfamily of enzymes (5) that catalyze a wide range of reactions involving the formation of a covalent intermediate with an active-site aspartate. Reactions catalyzed by this superfamily include dehalogenation (6) as well as Mg 2+ -dependent phosphoryltransfer, although the vast majority (∼99%) are phosphotransferases (7) . Members of the HADSF share a Rossmannoid fold "core" domain that contains the phosphoryl transfer site (8, 9) and a "cap" domain that provides substrate specificity determinants (10) . There are three major types of caps in the HADSF (C0, C1, and C2A/C2B; see SI Appendix, Fig.  S1 ) based on size, position of insert within the Rossmann fold, and overall topology (7) . At the time of writing, the HADSF is known to comprise over 120,000 members across the three domains of life with at most 3% associated with an EC identifier (11) .
In this study, the functional space of the HADSF was sampled by screening a customized substrate library of 167 compounds against over 200 enzymes from numerous prokaryotic species. The study revealed that a large number of family members show a broad substrate range, with the majority of the HADSF enzymes reacting with five or more substrates. Thus, widespread promiscuity is not incompatible with participation in cell metabolism and may be advantageous to the evolution of new enzyme activities.
Significance
Here, we examine the activity profile of the haloalkanoic acid dehalogenase (HAD) superfamily by screening a customized library against >200 enzymes from a broad sampling of the superfamily. From this dataset, we can infer the function of nearly 35% of the superfamily. Overall, the superfamily was found to show high substrate ambiguity, with 75% of the superfamily utilizing greater than five substrates. In addition, the HAD members with the least amount of structural accessorization of the Rossmann fold were found to be the most specific, suggesting that elaboration of the core domain may have led to increased substrate range of the superfamily.
The activity profiling when applied to putative iso-functional orthologs allowed us to infer annotation for ∼35% of the HADSF. Intriguingly, the HADSF subfamily with the least structural elaboration of the core catalytic Rossmann fold was the most specific with respect to substrate range and number, implying that domain insertions drive the evolution of new functions and that the broad specificity observed in the HADSF may be a relic of this process.
Results
Substrate Library Design and Synthesis. A structurally diverse library of organophosphate esters and anhydrides was assembled for use in defining the substrate specificity profiles of targeted phosphatases, which together provide comprehensive coverage of the structural and functional diversity of the HADSF. The 167-member library includes 69 compounds derived from commercial sources and 98 synthetic compounds prepared in-house. The majority of the compounds are known metabolites, and most of these are ubiquitous. The universal phosphatase assay reagent para-nitrophenyl phosphate (pNPP) was included in the screen for the purpose of identifying low-level, nonspecific phosphatase activity commonly observed among HADSF phosphomutases, as well as the phosphatases. Other organophosphates that are not presently known to be metabolites yet are structurally related to such were included in the library to further define the elements of substrate specificity while angling for leads for novel metabolites and, hence, novel phosphatase biological function.
The composition of the library, parsed by designated chemical class, is represented in Fig. 1 . The vast majority of the compounds are phosphorylated carbohydrates or carbohydrate derivatives (e.g., nucleotides), thus mirroring the Escherichia coli metabolome, which is heavily weighted toward carbohydrates (12) . Comprehensive coverage of three-to seven-carbon phosphorylated D-aldoses and D-ketoses was augmented where possible with the corresponding acid, alcohol, and α-deoxy sugars (2-deoxyaldose and 3-deoxyketose). Secondary metabolites included phosphorylated seven-(D-glycero-D-mannoheptose, "GMH"), eight-(3-deoxy-D-manno-2-octulosonate, "KDO"), and nine-carbon (N-acetylneuraminate, "NeuNAc" and 2-keto-3-deoxy-D-glycero-Dgalacto-nonulosonate, "KDN") sugars. Metabolites trehalose-6-phosphate and sucrose-6-phosphate represent the phosphorylated disaccharides. Naturally occurring pyrimidine, purine, and flavin ribose and/or deoxyribose adducts are well represented. In addition, bis-phosphorylated monosaccharide metabolites were included in the library, as were "unnatural" positional isomers of common phosphorylated monosaccharides (for example, D-glucose-3-phosphate). Phosphorylated amino acids phosphoserine, phosphothreonine, phosphotryosine, and the histidine biosynthetic pathway intermediate histinidol phosphate were included, as were cofactors pyridoxal phosphate, thiamine phosphate, flavin mononucleotide, and CoA. Lipid metabolites phosphoethanolamine, phosphatidylcholine, glycerol-3-phosphate, and prenylphosphate are also represented. Finally, the library phosphonates (exemplified by the HADSF phosphonatase substrate phosphonoacetaldehyde) were used for screening the phosphatases for catalysis of inorganic phosphate formation via hydrolytic P-C bond cleavage.
Despite the biochemical bias of the library toward carbohydrates, at the level of chemical functional groups the library presents sufficient structural diversity to profile the specificity of each phosphatase. In addition to simple visual inspection of the molecular structures, the chemical diversity of the library was analyzed by calculating the Tanimoto coefficient [rapid overlay of chemical structures (ROCS) alignment with electrostatic comparison by EON (www.eyesopen.com)] of the substrate-leaving group (i.e., the PO 3 group common to all substrates was removed) (for a recent discussion of the Tanimoto coefficient see ref. 13 ). The library was found to follow a normal distribution of Tanimoto coefficient (T) values (skewed slightly to higher T values; see SI Appendix, Fig. S2 ) with an average of T = 1.20 (range 0. 23-1.95) , showing that the library is diverse, but with an upper quartile of T = 1.42, demonstrating significant similarity of 25% of the substrates, as might be expected from the bias toward sugars.
Validation of the High-Throughput Screen by Determination of SteadyState Kinetic Constants. The substrate library was screened via an end-point inorganic phosphate-release assay using a commercially available malachite-green reagent. Background phosphate was accounted for and a standard curve of phosphate was calculated; all plates were performed in duplicate. A substrate concentration of 1 mM was selected (K m values range from ca. 0.01-1 mM for HADSF phosphatases) to maximize Michealis complex formation while limiting the background reading to <0.2 ± 0.03 OD units (error calculated from the mean variability between duplicates; see Materials and Methods). The library compounds were incubated with 5 μM enzyme in 50 mM Hepes at pH 7.5 and 25°C for 30 min.
Compounds were considered to have significant substrate activity if the absorbance of the assay solution, corrected for background absorbance, was greater than 0.2 ± 0.03 OD units. The linear response of the assay ceases at net OD readings >0.7. As a consequence, the assay detects enzyme-substrate pairs having k cat values ≥0.004 s −1 but cannot be used to differentiate between enzyme-substrate pairs having k cat values ≥0.014 s . Therefore, in practice, the high-throughput screen (HTS) was used to identify active substrates for a given phosphatase, and then for greater precision k cat and k cat /K m values were determined as needed.
To validate the HTS, we tasked it with identifying potential orthologs among previously uncharacterized phosphatases. Because of the high sequence divergence that is characteristic of the HADSF, sequence-based ortholog assignment is limited to matches between phosphatases derived from closely related bacterial taxa. For example, the HTS results obtained for a previously uncharacterized HADSF member (UniProt: Q7M7U5) from Wolinella succinogenes identified L-phosphoserine as a substrate and kinetic characterization showed good catalytic efficiency with k cat = 40 ± 3 s (Table 1 ). This protein is 24% identical (35% similar) to the SerB ortholog from E. coli (14), which is below the level where these proteins would have been confidently assigned as iso-functional orthologs. Similarly, another four possible iso-functional orthologs of phosphoserines phosphatase were identified by their activity against phosphoserine in the screen and they were subsequently characterized. The kinetic constants showed efficient (Table  1) . (Notably, although certain orthologs had no detectable activity with phosphothreonine some had modest activity against this structurally similar amino acid.) Like the enzyme from W. succinogenes, the sequence identity of these enzymes to the characterized E. coli SerB (13-46%) would have precluded their confident assignment without the screen results.
The next protein chosen for validation was annotated as β-phosphoglucomutase (β-PGM, UniProt: H0QCK5) from E. coli K12. This protein is 43% identical (61% similar) to β-PGM from Lactobacillus lactis (UniProt: P71447) studied previously (15) , respectively) ( Table 1) .
Another approach to validation was to test the identified substrates for selected low-and mid-efficiency enzymes and show that the enzyme-substrate pairs do have the activity indicated by the screen. Q81IN0 was shown by the screen to have a hit against phosphocholine but not phosphoglycolate (although it was annotated as a phosphoglycolate phosphatase); the enzyme was indeed shown to take phosphocholine with low efficiency (k cat /K m = 7.9 × 10 3 M
) but not phosphoglycolate (Table 1) . Q926W0 is a second example with the various sugar substrates that showed as positive hits in the substrate screen, also showing good to moderate activity as assessed by steady-state kinetic constants with a k cat /K m = 1.1 × ·s −1 for D-mannitol 1-phosphate, D-mannitol 6-phosphate, D-allitol 6-phosphate, and 2′-deoxy 6-phosphoglucitol (Table 1) . Overall, the determination of steady-state kinetic constants for individual enzymes supported the validity of the screen in identifying substrates. Furthermore, even closely related species might share some HAD phosphatases in common while differing in others. E. coli K12 and Salmonella typhimurium LT2 share 25 HAD phosphatases with >70% sequence identity, yet S. typhimurium possesses four HAD phosphatases that are not present in E. coli. Thus, it was critical to select from a broad range of bacteria/archea but also to sample broadly within each organism. The sequence-similarity network (SSN) previously described by our laboratories (16) was used to select targets for functional analysis. The clustering of the network leads to selection of orthologs by sampling within the clusters and selection of diverse functions by sampling across clusters. Briefly, the network comprises 79,778 prokaryotic HADSF sequences from the Structure-Function Linkage Database (SFLD) (17) (Fig. 2 ) that are organized into representative SSNs (18) . In the network, HADSF sequences with greater than 40% identity are organized into metanodes and connected by edges (lines) with BLAST e-value threshold of 10 −20 in Cytoscape (Fig. 2 ). Sorting by cap type was also performed to ensure structural and functional diversity because the cap domains vary the most in topology among family members and provide the specificity determinants for substrate binding (7, 10) . The protein sequences in the network were assigned cap types by comparing sequences with a standard set of HADSF structures using the program CapPredictor (11). In total, 1,319 prokaryotic targets across 401 species were selected for protein production and functional assessment, ensuring that the targets were distributed over cap type, sequence, and structure space using the network (Dataset S1, supplemental spreadsheet 2). The targets were selected in proportion to the naturally occurring distribution of cap type from E. coli, that is, 12% C0, 63% C1, and 25% C2 (4).
Each target that was successfully expressed and purified was assessed for activity against the library. Of the proteins targeted, 217 proteins (17% success rate, a typical success rate for structural genomics consortiums) from 86 species (between 1 and 16 HAD enzymes per organism) were assayed, resulting in a final distribution of cap type of 15% C0, 63% C1, and 21% C2. The results identified enzymes that were specific (or showed limited substrate ambiguity) and that showed either moderate or a high level of ambiguity (Fig. 3) . Orthologs of known enzymes were revealed in all these categories. Of the 217 enzymes tested, 13 showed no reactivity against any member of the screening library. Of these, eight localize to a cluster with previously characterized dehalogenases on the SSN (the screen is for phosphatase activity, not dehalogense activity as phosphate release is detected). Of the remaining five, three were from thermophilic organisms and would not be expected to show significant activity at 25°C. The other inactive proteins may have been unstable in the screening conditions. (The screen for one of the enzymes from a thermophile, UniProt: O29873, was run manually at 75°C; at this temperature activity was detected for sugar and some nucleotide substrates.) The number of substrates recognized by the remaining 204 enzymes was distributed with a median of 15.5 substrates per enzyme and with a 25th percentile of 5 hits and a 75th percentile of 41 hits. Based on this distribution, we consider an enzyme to be specific if it used 5 substrates or fewer, to show moderate substrate ambiguity if it used between 6 and 40 substrates, and to show high substrate ambiguity if it used greater than 41 substrates. Notably, because the screen uses an end-point assay, it is possible that some enzymes identified as having a broad substrate range actually have much greater catalytic efficiency (as reflected in k cat /K m ) for a small number of the identified substrates than for the other identified substrates. Thus, those HAD members identified as having a broad substrate range refers to all possible substrates against which the enzyme bears phosphohydrolase activity. This is because even relatively modest in vivo activity of an enzyme against a substrate could be responsible for physiologically significant metabolism (19) . The activities seen in the screening can be attributed solely to the enzyme being screened (rather than to contaminating endogenous E. coli enzymes or to general acid/base catalysis alone). We conclude this because a number of enzymes screened were very specific or showed no activity.
Enzymes with Restricted Substrate Range. Fifty-three enzymes were revealed to be narrow in substrate range, acting on five or fewer substrates. These included orthologs of the previously known enzymes phosphoserine phosphatase, histidinol phosphate phosphatase, β-phosphoglucomutase, D-glycero-D-manno-heptose-1,7(bis)phosphate phosphatase (GmhB), and phosphatases against pyrophosphate, FMN, 2-keto-3-deoxy-9-phosphonononic acid, 2-keto-3-deoxy-8-phospho-octulosonate, phosphoglycolate, and trehalose 6-phosphate. For instance, GmhB has been well characterized in E. coli (20) , where the enzyme has high substrate efficiency with the β anomer of
) (20) and shows discrimination (100-fold) against the α anomer; a range of efficiency ratios between the two anomers is observed (0.17-to 150-fold) depending on the species. Here, we screened GmhB from Pseudomonas putida (UniProt: Q88RS0) and found the enzyme dephosphorylated five substrates including D-glycero-D-manno-α-heptose-1,7(bis)phosphate, fructose 1,6-(bis)phosphate, D-allitol 6-phosphate, 2-deoxy-D-manno-2-octulosonate-8-phosphate, and D-glycero-D-manno-β-heptose-1,7-(bis)phosphate. Anomeric specificity was determined for GmhB orthologs from Vibrio cholerae (UniProt: G7TNF0), Rhodopseudomonas paulstris (UniProt: Q6N2R1), Haemophilus influenza (UniProt: C9MJX1), and Salmonella enterica (UniProt: B5Q1D3). Specific, but previously undescribed, activities were shown against phosphocholine (UniProt: Q81IN0;
), bis-phosphorylated compounds (UniProt: Q8DV60), and sugars (UniProt: Q88LY7) ( Table 1) .
Enzymes with Broad Substrate Range. A large number of enzymes were found to be moderately ambiguous (101 total), acting on 6-40 substrates. These included enzymes that used five or six carbon sugars only (UniProt: X3NXD2) and 5′-nucleotide monophosphates (UniProt: Q5LGR4), 5′-nucleotide monophosphates (UniProt: Q8P4B4); two to eight carbon sugars, 5′-nucleotide monophosphates, phosphoethanolamine/histidinol-phosphate, and amino acids (UniProt: C7RF86); eight or nine carbon sugars, NADP, FMN, CoA, and 5′-nucleotide monophosphates (UniProt: J7JPC0); and two to six carbon acid sugars (Uniprot: Q049B0).
The remaining 50 enzymes catalyzed the hydrolysis of phosphate from more than 41 substrates (and up to 143 substrates) and were therefore considered to possess a broad substrate range. Notably, none of the proteins screened was predicted to be exported to the periplasm, so in the less specific members periplasmic localization was not the mechanism of substrate selectivity. Enzymes in this class used a broad range of sugars (UniProt: H0QFB3), five or six carbon sugars (UniProt: F0N5C3), five or six carbon sugars and 5′-nucleotide monophosphates (UniProt: Q88LM3), all classes of substrates (UniProt: B5QAY6), and all classes of substrates with the exception of 5′-nucleotide di-and triphosphates (UniProt: M1UCG8). As is true for the specific enzymes, enzymes in this group included iso-functional orthologs of previously characterized enzymes. One such enzyme, NagD, with substrate activity defined by the screen for UMP and GMP, has been previously characterized to be a housekeeping enzyme (showing broad substrate range) involved in ADP ribose catabolism and the recycling of cell-wall metabolites (21) .
To examine the activity across the targets, the functional profiles were visualized using heat maps. The results were clustered by functional profile (Fig. 4) as well as by cap type. As described, the HADSF can be subcategorized into C0, C1, and C2A/C2B classes by the domain inserted in the Rossmann fold (see SI Appendix, Fig. S1 ). Bioinformatics analyses suggest the last universal common ancestor contained the progenitors for all cap types and diversification and expansion of substrate specificities probably evolved later (7, 11) . To assess any correlation between substrate specificity and cap type, functional profiles were clustered based on their corresponding cap type (11) (Fig. 4B) . As discussed, 75% of the enzymes tested were found to be ambiguous in their substrate preference. Intriguingly, this substrate ambiguity was dominated by HADSF members with C1 or C2 cap types (Fig. 4C) . C0 members were more specific for their corresponding substrates with an average substrate count of 13.3 vs. 24.9 and 39.1 (see SI Appendix, Table S2 ) for C1 and C2 members, respectively. Under the null hypothesis that the median number of substrate "hits" of all groups are equal, we performed the Kruskal-Wallis test to determine the statistical significance of these differences. Our data result in χ 2 = 11.6621 with a P value of 0.002935, establishing statistical significance and suggesting the three groups have markedly different means.
The question might be raised as to whether the C0 members are simply less efficient enzymes and therefore the lower limit set for observed activity against a substrate should be different for this class. However, a sampling of k cat /K m values from this analysis ( (20, (22) (23) (24) , similar to those of C1 and C2 enzymes (21, 22, (25) (26) (27) . Overall, the finding that C0 members, which have the most minimal cap inserts, are equally efficient and more specific than the other subfamilies suggests that incorporation of additional domains leads to the expansion of the substrate repertoire in the HADSF.
To analyze the activity profiles of enzymes with a narrow versus a moderate or a very broad substrate range, the distribution of chemical similarity using the Tanimoto coefficient (T) for all substrate hits for each group of enzymes was compared against all hits and was compared against the distribution of T values for the entire library (see SI Appendix, Fig. S2 ). Overall, no significant difference was observed between the substrate sets of the narrow range versus the broad range enzymes based on chemical diversity in terms of shape and electrostatics. Given the range of substrate diversity present in our library (and reported by T) ambiguous and specific enzymes could not be distinguished by the structure and electrostatic profiles of the substrates alone. It can be inferred that the structural basis of substrate specificity versus substrate ambiguity requires information about the interaction of enzyme and substrate and cannot be based solely on substrate structure. , respectively, Table 1 ). Examination of the genome neighborhood revealed the presence of several conserved proteins involved in carbohydrate metabolic processes (mannitol-specific enzyme IIA, mannitolspecific enzyme IIBC, ROK transcription factor, and an MviM sugar dehydrogenase). These proteins are part of a versatile phophoenolpyruvate:carbohydrate phosphotransferases system (PTS) (28) that has evolved to allow microorganisms to use diverse substrates available in ever-changing environments. These PTS systems transfer a phosphate from phosphoenolpyruvate to a carbohydrate during import (28) . PTS systems have been shown to be important in regulating carbohydrate flux in bacterial cells (29) including enteroinvasive E. coli and S. enterica serovar Typhimurium. In this particular system, the HADSF member likely dephosphorylates the imported xylitol, mannitol, or similar phosphosugar for metabolic utilization, although high activity with other alcohol sugars may point to substrate variability in this PTS system. Further work is necessary to fully elucidate the role of this hydrolase in the PTS system.
Included among the targets selected for screening were enzymes with SNFs. Currently, there are ∼150 nonredundant protein structures from the HADSF in the PDB; roughly half of these are SNFs. One such enzyme, BT0820 from Bacteroides thetaiotaomicron (UniProt: Q8A9J5), was screened and found to have activity against phosphotyrosine. The structure (PDB ID code: 2OBB) revealed a short C0 cap insert and crystal packing and standardized size-exclusion chromatography performed herein was consistent with a monomeric protein. HADSF enzymes with C0 cap types have been associated with histidine biosynthesis (30), inner core lipopolysaccharide biosynthesis (20) , glycolipid and glycoprotein decoration for cell surface display (31, 32) , tRNA repair (33), and phosphoprotein phosphatase activity (23, 34) . As is the case with Q8A9J5 the HADSF polynucleotide phosphatases and phosphoprotein phosphatases are monomeric [in published cases Fcp1, Scp1, dullard, MDP-1, and T4 polynucleotide phosphatase/ kinase (23, (33) (34) (35) (36) ], apparently allowing recognition of large polymeric (i.e., protein and nucleic acid) substrates. Steady-state kinetic assay of Q8A9J5 revealed specificity for phosphotyrosine with k cat /K m = 3. . The shorter C0 cap, monomeric nature, and phosphotyrosine phosphatase activity point to a role as a putative phosphoprotein phosphatase, although further work is necessary to identify the protein/macromolecular substrate.
Inferred Functional Annotation. The data were manually assessed to ascribe in vitro function by identifying the substrate "hits" for each enzyme (e.g., specific for phosphoserine, ambiguous for five or six carbon sugars, broadly ambiguous, etc.). The resulting annotations were mapped onto the full SSNs for each of the subfamilies listed in the SFLD (C0.1, C1.1, etc.) with the exception of the ATPases (C1.7) (Dataset S1, supplemental spreadsheet 3, Fig. 5, and SI Appendix, Figs. S3-S21 ). Separated clusters are Clusters colored blue were EFI targets that were not screened. The remaining colors represent the annotations below. Five clusters of subgroup 1.5.5 were annotated as follows: (1) eukaryotic polynucleotide kinase/phosphatases involved in DNA repair, (2) GmhB enzymes that prefer the alpha anomer of D-D-heptose-1,7-bisphosphate, (3) GmhB enzymes that take either the alpha or beta anomer, (4) bifunctional HisB enzymes that show specificity for histidinol-phosphate or phosphoethanolamine, and (5) enzymes that are highly specific for histidinol-phosphate. The annotation list is available in Dataset S2.
expected to be isofunctional and annotations are made by propagation of the assignments from screened enzymes to the subcluster in which they reside, as has been described for the proline racemase superfamily (37) . For example, the C1.5.5 subfamily consisting of 1,994 members was previously broadly annotated as a subfamily of heptose bisphosphate phosphate-like phosphatases. To examine this subfamily in greater detail, a full SSN was constructed with a BLAST e-value threshold of 10 −25 (Fig. 5) . Mapping of the HTS data to the subfamily revealed a range of substrate utilization across the subfamily including D-glycero-Dmanno-α-heptose 1,7-(bis)phosphate, D-glycero-D-manno-β-heptose 1,7-(bis)phosphate, phosphoethanolamine/histidinol-phosphate, and histidinol-phosphate. A cluster was also present that contained a previously characterized polynucleotide kinase/ phosphatase involved in DNA repair (Fig. 5) . In this fashion putative substrates could be extrapolated to most clusters in the HADSF. Whereas 4,884 enzymes could be annotated by our manual propagation of assignments from structure-function studies reported in the literature to their corresponding cluster in the expanded SSN (Fig. 4 and SI Appendix, Figs. S3-S21) , the function of a total of 27,392 enzymes are now inferred based on propagation of our HTS results together with those from the literature (Dataset S1, supplemental spreadsheet 3).
Substrate Utilization in the HADSF. To examine the propensity of HADSF members for hydrolyzing the substrates in the library, the frequency of each substrate being considered a "hit" was computed. Markedly, pNPP was among the most common substrates (ranked eighth) and was used by 30 .4% of the enzymes tested. This is instructive, given the fact that pNPP is commonly used to test for generic phosphatase activity. The four most commonly used substrates in the screen were 2′-deoxy 6-phosphoglucitol, 2′-deoxyribitol 5-phosphate, 2′-deoxyribose 5-phosphate, and ribitol 5-phosphate (used by 33.6, 32.3, 31.8, and 31 .3% of all enzymes tested, respectively, Table 2 ). If the classes are ranked, the most commonly dephosphorylated substrate classes were two to six carbon sugars and 5′-nucleotide monophosphates.
Notably the most common substrates were neither the most chemically reactive in the library, nor did they possess structural features that make the phosphoryl groups more accessible to the phosphatases.
Discussion
Systematic study of function across enzyme families has only recently been attempted and has not previously been applied to a representative sampling of an entire superfamily on this scale. A small, uncharacterized enzyme family, DUF849, was studied by Bastard et al. (3) using an integrated strategy for evaluating functional diversity. Based on screening of a set of representative enzymes (124 out of 900) against 17 putative substrates this study found that the family generally catalyzes the condensation of a β-keto acid with acetyl-CoA producing acetoacetate and CoA ester. Widespread catalytic promiscuity was described in the metallo-β-lactamase superfamily through the analyses of 24 enzymes against 10 catalytically distinct hydrolytic reactions where enzymes catalyzed on average 1.5 reactions in addition to their native activity (38) . In an orthogonal study, screening of all 23 soluble HADSF members within a single species (E. coli) was performed with a set of 80 commercially available phosphorylated substrates (4). The results annotated the E. coli enzymes and demonstrated that HADSF members possess the capacity to hydrolyze a wide range of phosphorylated compounds, with 19 of the 29 enzymes tested showing a broad substrate range.
Our findings demonstrate, through a representative sampling of prokaryotic organisms in the HADSF, that the degree of substrate ambiguity is great and ubiquitous. This leads to the question, How might the presence of enzymes with broad substrate range contribute to the fitness of individual organisms and to complex microbial communities? Accumulation of metabolites may disrupt metabolic flux or metabolites themselves may prove toxic to organisms (39) . Broad substrate overlap between HADSF members may provide a safeguard against such deleterious metabolic effects. Overlap in function may serve to provide sufficient turnover (without optimizing efficiency of any one enzyme) to metabolize large pools of similar substrates. Substrate overlap may also aid in the evolution of new metabolic function in response to environmental challenges. Promiscuity increases flexibility during evolution in response to changes in the substrate pool. During evolution, if there is a variation in the substrate pool, it is more facile for mutations to change the substrate specificity spectrum of broad, overlapping enzymesthat is, divergence before gene duplication (40, 41) . The finding that HADSF members with a minimal or no cap insertion (type C0) are more specific than those with domain insertions (types C1, C2A, or C2B, Fig. 4 B and C) is surprising because the cap domain provides the specificity determinants in the HADSF (10) . The expectation might be that in C0 members there are few enzyme residues that interact with the substrateleaving group and thus the leaving group could vary in size, shape, and electrostatic surface, producing an enzyme with broad specificity. However, an alternative model explains the observation made here. The substrate-leaving group structure may be limited by the necessity of acting as a barrier between bulk solvent and the active-site Mg 2+ cofactor, nucleophilic Asp, and Asp general acid/base, replacing the cap domain in this role. Indeed, structures of the C0 HADSF members Scp-1 (35) and GmhB (42) show that the fit between enzyme and substrate does not allow a probe the size of water to enter the active site (see SI Appendix, Fig. S22 ). Conversely, in enzymes with cap domains there is an enclosed active site and a number of enzyme residues from the cap specificity loop(s) are available to make interactions with different substrates, allowing evolution of activity against multiple substrates. Additionally, the mobility of the cap domain with respect to the core domain may allow access to different substrates of varying size.
The concept that domain insertions provide the raw material for the evolution of specificity determinants (including the residues that allow substrate ambiguity) is supported by recent findings. The directed evolution and bioinformatics analysis of a lactamase supports the model that enzymes are more capable of catalyzing multiple reactions when the active site is composed of loops juxtaposed to, but separate from, the core scaffold (43) . Domain insertion can be considered an extreme example of this observation. The facilitation of substrate ambiguity via domain insertion can be a widespread phenomenon in protein evolution, because it has been estimated that ∼10% of insertion events are domain insertions (44) . Overall, our findings are consistent with the concept that domain insertions act to drive the evolution of new functions. The widespread substrate ambiguity in the C1-and C2-type HADSF members observed herein may be a vestige of the evolutionary process. Previous work has shown that in the process of in vitro evolution selection pressure toward increasing one activity results in "generalists" that show multiple activities that were not selected for (45) .
Materials and Methods
Cloning. Genes of interest were amplified from genomic DNA and PCR performed using KOD Hot Start DNA Polymerase (Novagen). The conditions were 2 min at 95°C, followed by 40 cycles of 30 s at 95°C, 30 s at 66°C, and 30 s at 72°C. The amplified fragments were cloned into either a pET-28-based N-terminal TEV cleavable 6x-His-tag-containing vector, pNIC28-Bsa4, or a pET-30-based C-terminal TEV-cleavable StrepII-6xHis-tag vector, CHS30, by ligation-independent cloning (46) .
Expression and Purification of Targets in pNIC-Bsa4. pNIC28-Bsa4 vector containing the insert of interest was transformed into BL21(DE3) E. coli containing the pRIL plasmid (Stratagene) and used to inoculate an overnight culture containing 25 μg/mL kanamycin and 34 μg/mL chloramphenicol. The culture was allowed to grow overnight at 37°C in a shaking incubator. The overnight culture (1 mL) was used to inoculate 1 L of PASM-5052 auto-induction media (47) containing 100 μg/mL kanamycin and 34 μg/mL chloramphenicol. The culture was placed in a LEX48 airlift fermenter and incubated at 37°C for 4 h and then at 22°C overnight. The culture was harvested and pelleted by centrifugation and stored at −80°C until time of use.
Cells were suspended in lysis buffer [20 mM Hepes (pH 7.5), 500 mM NaCl, 20 mM imidazole, and 10% (vol/vol) glycerol] and lysed by sonication. The lysate was clarified by centrifugation at 35,000 × g for 30 min. Clarified lysate was loaded onto an ÄKTAxpress FPLC (GE Healthcare). Lysate was loaded onto a 1 mL HisTrap FF column (GE Healthcare), washed with 10 column volumes of lysis buffer, and eluted in buffer containing 20 mM Hepes (pH 7.5), 500 mM NaCl, 500 mM imidazole, and 10% glycerol. The purified sample was loaded onto a HiLoad S200 16/60 PR gel filtration column that was equilibrated with SECB buffer [20 mM Hepes (pH 7.5), 150 mM NaCl, 10% (vol/vol) glycerol, and 5 mM DTT]. Peak fractions were collected and protein was analyzed by SDS/PAGE, snap-frozen in liquid nitrogen, and stored at −80°C (48, 49) .
Expression and Purification of Targets in CHS30. CHS30 vector containing the insert of interest was transformed into BL21(DE3) E. coli containing the pRIL plasmid (Stratagene) and used to inoculate an overnight culture containing 25 μg/mL kanamycin and 34 μg/mL chloramphenicol. The culture was allowed to grow overnight at 37°C in a shaking incubator. The overnight culture (1 mL) was used to inoculate 1 L of PASM-5052 auto-induction media (47) containing 100 μg/mL kanamycin and 34 μg/mL chloramphenicol. The culture was placed in a LEX48 airlift fermenter and incubated at 37°C for 4 h and then at 22°C overnight. The culture was harvested and pelleted by centrifugation and stored at −80°C until time of use.
Cells were suspended in lysis buffer [20 mM Hepes (pH 7.5), 500 mM NaCl, 20 mM imidazole, and 10% (vol/vol) glycerol] and lysed by sonication. The lysate was clarified by centrifugation at 35,000 × g for 30 min. Clarified lysate was loaded onto an ÄKTAxpress FPLC (GE Healthcare). Lysate was loaded onto a 5-mL Strep-Tactin column (IBA), washed with five column volumes of lysis buffer, and eluted in StrepB buffer [20 mM Hepes (pH 7.5), 500 mM NaCl, 20 mM imidazole, 10% (vol/vol) glycerol, and 2.5 mM desthiobiotin]. The eluent was loaded onto a 1-mL HisTrap FF column (GE Healthcare), washed with 10 column volumes of lysis buffer, and eluted in buffer containing 20 mM Hepes (pH 7.5), 500 mM NaCl, 500 mM imidazole, and 10% (vol/vol) glycerol. The purified sample was loaded onto a HiLoad S200 16/60 PR gel filtration column that was equilibrated with SECB buffer [20 mM Hepes (pH 7.5), 150 mM NaCl, 10% (vol/vol) glycerol, and 5 mM DTT]. Peak fractions were collected and protein was analyzed by SDS/PAGE, snap-frozen in liquid nitrogen, and stored at −80°C (48, 49) .
Library Synthesis. The structures of the sugar phosphate substrates subjected to screening are given in SI Appendix, Tables S2-S6 and the syntheses of these substances are briefly described below and in detail in SI Appendix and SI Appendix, Schemes S1-S25. The spectroscopic properties of previously prepared sugar phosphates (references given below) match those of the substances synthesized in this effort. All sugar phosphates that have not been prepared previously were found to have spectroscopic properties that matched those expected for their structures. Synthesis using kinase-catalyzed reactions and ATP regeneration (sugar phosphates 1-7, SI Appendix, Scheme S1). Many chemical methods for the preparation of phosphate esters of sugars have been described (50) (51) (52) (53) (54) (55) . However, most rely on the use of sophisticated protecting group protocols that enable selective phosphorylation of a specific hydroxyl group and, as a result, they lack generality. In contrast, enzyme catalyzed reactions, especially those promoted by kinases, can be used to generate sugar phosphates in a direct manner and without the need for protective group manipulations. Nevertheless, two main limitations of kinase catalyzed phosphorylation reactions do exist when the goal is to produce targets in large quantities. One is associated with the narrow substrate scope of kinases and the other is that high concentrations of substrates, products, and cofactors are not readily tolerated in these enzymatic processes. However, kinase-promoted reactions can be adapted to large-scale synthesis when cofactors (e.g., ATP) are regenerated in the reaction mixtures (56) (57) (58) (59) . We have developed a general method for conducting kinase-catalyzed reactions that directly transform sugars to their monophosphate analogs. The procedure takes advantage of ATP regeneration through reaction of the product ADP with phosphoenol pyruvate catalyzed by pyruvate kinase. Processes based on this strategy, outlined in SI Appendix, Scheme S1, were used to prepare sugar phosphates 1-7. Synthesis by combined use of kinase-catalyzed and other enzyme-promoted reactions (sugar phosphates 8-20, SI Appendix, Schemes S2-S4). Under many circumstances, the starting sugar scaffolds themselves are difficult to prepare. However, other relevant enzymatic reactions can be coupled with kinase-promoted phosphorylation to produce target sugar phosphates. Processes based on this strategy, outlined in SI Appendix, Scheme S2, were used to prepare sugar phosphates 8-12. Several procedures have been described for the synthesis of KDPG (12) using the aldolase-promoted reaction of pyruvate and D-glyceraldehyde-3-phosphatehosphate (60) (61) (62) . However, the 6-phosphogluconate dehydratase catalyzed reaction of D-gluconate-6-phosphate (SI Appendix, Scheme S3) serves as a more efficient (80%) method to prepare this sugar phosphate (63) . In addition, sugar phosphates 13-15 were synthesized by the processes displayed in SI Appendix, Scheme S3. Finally, sequences were developed (SI Appendix, Scheme S4) to prepare the sugar phosphates 16-20. Chemical synthesis of rare five-carbon sugar phosphates (sugar phosphates 21-27, SI Appendix, Schemes S5-S11). Not all sugar phosphates can be prepared using enzymatic phosphoryl-transfer reactions. To remedy this problem, synthetic approaches relying purely on organic reactions were used to prepare a series of rare, five-carbon sugar phosphates. By using these approaches, outlined in SI Appendix, Schemes S5-S11, we prepared sugar phosphates 21-27. Utilization of organic chemical methods (sugar phosphates 28-34, SI Appendix, Schemes S12-S18). Chemical approaches (SI Appendix, Schemes S12-S18) were used to prepare sugar phosphates 28-34. Simple chemical transformations for synthesis (sugar phosphates 35-65, SI Appendix, Schemes S19-S21). The library was expanded to include alditol and aldonic acid analogs 35-61 that were prepared by performing bromine oxidation (64) and sodium borohydride reduction (65) reactions of aldehyde moieties of sugar phosphates (SI Appendix, Schemes S19 and S20). In addition, aldonic acid phosphate 45, 47, and 62-65 were prepared by performing oxidation reactions on basic solutions of 2-keto-sugar phosphates under an oxygen atmosphere (SI Appendix, Scheme S21) (66) . Synthesis using a variety of methods (sugar phosphates 66-97, SI Appendix, Schemes S22-S25). Sugar phosphates 66-97 were prepared using a variety of the methods described and outlined in SI Appendix, Schemes S22-S24.
Target Screening. A library was prepared consisting of 167 commercially sourced or synthesized phosphorylated compounds encompassing 16 substrate classes including sugars (mono-and bis-phosphates), nucleotides (mono, di-, and triphosphates), disaccharides, phosphonates, amino acids, and amino sugars (Dataset S1, supplementary spreadsheet 1) were collected and organized. The compounds were prepared by dilution in double-distilled H 2 O to a concentration of 20 mM and stored in small aliquots in PCR plates at −80°C. Before screening, the substrates were diluted 10-fold in an assay buffer consisting of 25 mM Hepes (pH 7.5), 50 mM NaCl, 5 mM MgCl 2 , and 2 mM DTT. Target proteins were removed from storage, thawed on ice, and diluted to 10 μM concentration in assay buffer. Protein and substrate (each 2.5 μL) were mixed robotically (Biomek FX; Beckman Coulter) in duplicate to 384-well plates (3540; Corning), resulting in final enzyme or substrate concentrations of 5 μM or 1 mM, respectively. After a 30-min incubation at room temperature, 13.5 μL of BioMol Green (Enzo Life Sciences) was robotically (Evolution P3 liquid handling system) added to each well to detect free phosphate. After a 30-min incubation, the absorbance of each well was measured at λ = 650 nM using a microplate reader (EnVision Multilabel Reader). Background phosphate (or phosphate present in the compounds) was corrected for by incubating substrate and buffer (no enzyme present) for 30 min followed by the addition of BioMol Green. This background absorbance was subtracted from the experimental assays. Substrate stability was assessed by following background phosphate after freeze-thaw and over time. No appreciable increase in background phosphate occurred during the study (approximately a 3-y duration).
Data Analysis. Plate absorbance data for each enzyme was loaded into separate tabs in Microsoft Excel and corrected for background. Conditional formatting was used to color cells based on absorbance using a gradient (Fig.  3) . Cells with the highest absorbance were colored red and lower-valued cells were colored blue. A bar was also added to each cell to compare relative activity across all plates (0.0-1.0 for the highest absorbance identified in the screen). In addition, cells are "commented" with the substrate name. The combination of conditional formatting and commenting allows for rapid, visual identification of substrate hits for each enzyme, while also indicating the relative activity of the enzyme toward the substrates. A lookup table was used to label each plate with EFI ID, GI number, hypothetical protein name, species, predicted cap type (11) (see below), and closest PDB structure. Each enzyme was manually annotated to describe the substrates that were used. To account for variability between duplicates, the difference between each was calculated. From this, the mean and SEM were determined for the entire screen (0.0307 ± 0.0003). This signifies that the screen is highly reproducible.
Custom scripts were used to extract data from the spreadsheets such as substrate hits, manual annotations, and absorbance data. As discussed in Results, an absorbance value of greater than 0.2 ± 0.03 for a substrate was considered a hit. Custom python scripts were used to compute (i) the number of hits for each enzyme and (ii) the number of times a substrate was hydrolyzed by any enzyme. The absorbance data were visualized as a heat map using the gplots package in statistical programming software R. Each protein in the analysis was annotated with a cap type class (C0, C1, or C2) using CapPredictor (11) . Briefly, CapPredictor uses a gold-standard, structure-based sequence profile to identify large domain insertions.
Similarity analysis for the library was performed using RDKit (www.rdkit. org/) to generate and optimize (with the Universal Force Field) the 3D model for each substrate using distance geometry. OpenEye ROCS (www.eyesopen. com) was implemented to align the pairs of substrate conformations based on shape and optimize the alignment to maximize the overlap volume. OpenEye EON was used on the alignments from ROCS to compare the electrostatic potential maps and report T scores that represent both shape and electrostatic similarity.
Steady-State Kinetics. For steady-state kinetic characterization, purified enzyme was diluted to an appropriate concentration in a buffer consisting of 25 mM Hepes (pH 7.5), 50 mM NaCl, and 5 mM MgCl 2 . The steady-state kinetic parameters (K m and k cat ) for substrates of interest were determined from initial reaction velocities measured at varying substrate concentrations (0.5-5 × K m ) using the EnzCheck Phosphate Assay Kit (Invitrogen). Absorbance measurements were performed with a Beckman DU800 spectrophotometer using quartz cuvettes (Starna Cells, 18B-Q-10) and 250-μL volumes in triplicate. Data were fit to the following using SigmaPlot Enzyme Kinetics Module:
Here, v o is the initial velocity, V max the maximum velocity, [S] the substrate concentration, and K m the Michaelis-Menten constant calculated for substrates of interest. The value for k cat was calculated from the following:
where [E] is the enzyme concentration in the assay. The steady-state kinetic constants for all enzymes tested are reported in Table 1 . For the mutase reaction, the assay was performed using β D-glucose 1-phosphate as substrate and β D-glucose 1,6-bisphosphate as cofactor as previously reported (15) .
Functional Annotation. Manual annotations from screening were appended to both superfamily-wide representative SSNs and subgroup expanded sequence similarity networks in Cytoscape. The resulting annotations within the subgroups were examined to ascertain substrate similarity among proteins that clustered together. Clustered proteins with similar functions were labeled ( Fig. 5 and SI Appendix, Figs. S3-S21) and annotations were applied to all proteins within the cluster. If no screening data were available for a particular cluster, the clusters were examined for previously characterized proteins. If a previously characterized protein was present, the annotation was applied to all proteins in the same cluster. If no proteins were examined by either screening or contained previously characterized data, the clusters remained unannotated.
